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Abstract
Background Waterpipe tobacco (WPT) smoking is
associated with deleterious effects on cardio-pulmonary
systems which may have adverse repercussions in
pathophysiology and progression of chronic lung and
cardiovascular diseases. We compared the biomarkers
of systemic inflammation, lipid mediators, injury/repair
and oxidative stress between groups of non-smokers
(NS), exclusive WPT smokers (WPS), exclusive cigarette
smokers (CS) and dual WPS and CS (DS).
Methods Two cohorts were recruited. Cohort I
consisted of WPS (n=12), CS (n=26), DS (n=10) and
NS (n=25). Cohort II consisted of WPS (n=33) and NS
(n=24). Plasma and urine samples were collected and
analysed for various systemic biomarkers.
Results Compared with NS, plasma levels of
inflammatory mediators (interleukin (IL)-6, IL-8,
IL1β and tumor necrosis factor-α) were significantly
higher in WPS and CS, and were further augmented
in DS. Endothelial biomarkers (intracellular adhesion
molecule-1, prostaglandin E-2 and metalloproteinase-9)
were significantly higher in CS. Most notably, pro-
resolving lipid mediator (resolvin E1) and biomarkers
of immunity, tissue injury, and repair were significantly
lower in WPS and CS. Urinary levels of 8-isoprostane
were significantly higher in all smoking groups in cohort
I, while 8-isoprostane, myeloperoxidase, receptor for
advanced glycation end products (RAGE), En-RAGE and
matrix metalloproteinase-9 were significantly higher in
all smoking groups in cohort II.
Conclusions Biomarkers of inflammation, oxidative
stress, immunity, tissue injury and repair were elevated in
WPS and CS groups. Furthermore, concurrent use of WPT
and cigarettes is more harmful than cigarette or WPT
smoking alone. These data may help inform the public
and policy-makers about the dangers of WPT smoking
and dual use of tobacco products.
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Waterpipe tobacco (WPT) smoking, also known as
hookah, shisha and narghile, is gaining popularity
among youth in western countries including the
USA.1 It is commonly perceived as less harmful than
cigarette smoking. However, studies have shown
that WPT smoking manifests similar acute and
chronic health effects as cigarette smoking.2 3 Like
cigarette smoking, WPT smoking can also increase
the risk of cardiovascular disease, chronic bronchitis and cancer.3 4

WPT smoke contains similar concentrations of
toxic chemicals and carcinogens (eg, polycyclic
aromatic hydrocarbons and aldehydes) as cigarette
smoke.5 6 Moreover, WPT and cigarette smoking
have been shown to be risk factors for periodontal
and cardiopulmonary diseases.7 8 Similarly, other
studies have shown that daily chronic use of WPT
can lead to chronic obstructive pulmonary disease
(COPD) and significant reduction in forced expiratory volume-1 and forced vital capacity.9
While biomarkers of systemic inflammation and
oxidative stress associated with cigarette smoking
are well characterised, few studies have examined
the association of such biomarkers with WPT use.
Profiling blood and urine biomarkers from CS
and WPT smokers (WPS) can help us understand
the differential toxicity of cigarette and WPT
smoking in the pathogenesis of various cardiopulmonary diseases. WPT smoking may be associated
with systemic inflammation and oxidative stress in
the lungs which can be persistent and can lead to
cardiovascular and pulmonary diseases.10 11 A recent
epidemiological survey showed that dual smokers
(DS) have a higher frequency of WPT smoking than
WPS alone.12 Given emerging rates of concurrent
use of WPT and cigarettes among young adults,12 13
it is also important to understand whether dual use
poses a greater threat to health than exclusive WPT
use.
In this study, we measured and compared the
levels of several biomarkers of toxicity in plasma
and urine samples among an exclusive group of
waterpipe smokers (WPS), cigarette smokers (CS),
dual smokers (DS) and non-
smokers (NS). We
hypothesised that, compared with exclusive WPT
and cigarette use, dual use would enhance and
modulate systemic inflammation, oxidative stress
and repair processes in the lungs.

Subjects and methods
Participant recruitment, screening and consent:
cohort I and cohort II

We used samples and data from two different populations in the USA. The first cohort study (cohort I)
was a cross-sectional study conducted at the University of Rochester Medical Center in Rochester, New
York. The second cohort study (cohort II) was a
community-based study conducted at the Center for
Behavioral Epidemiology and Community Health,
Hookah Studies Division, San Diego State University
in San Diego, California.
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Table 1

Baseline characteristics of study participants according to smoking status

Cohort I

Non-smokers (n=25)

Cigarette smokers (n=26)

Waterpipe smokers (n=12)

Dual smokers (n=10)

Age (years)

36.16±12.52

46.73±9.96

32.84±14.04

39.5±12.49

 Male

37.53±10.95

47±9.96

35±16.26

37.5±14.84

 Female

34.66±14.37

46.46±10.95

28±6.16

42.5±9.0

Gender

 

 

 

 Male

13 (52%)

13 (50%)

9 (69.24%)

 Female

12 (48%)

13 (50%)

4 (30.76%)

Smoking status

 

 

 Smoking frequency*

N/A

12.89±6.39

 Duration of smoking (years)†

N/A

 Duration of smoking per session (minutes)‡

N/A

Cohort II

Non-smokers (n=24)

Age (years)

25.9±4.45

25.0±3.10

 Male

26.0±4.90

26.0±2.83

 Female

25.8±4.02

Gender

 

 Male

11 (45.8%)

 Female

13 (54.2%)

Smoking Status

 

 Smoking Frequency*

N/A

1.3±0.51

 Duration of smoking (years)†

N/A

4.20±3.32

6 (60%)
4 (40%)
CS

WPS

1.45±0.93

9.13±6.06

2.09±1.30

20.03±8.55

2.72±1.84

14.00±12.89

4.69±3.72

N/A

15.00±15.17

N/A

16.40±16.55

Waterpipe smokers (n=33)

24.1±3.07
 
16 (48.5%)
17 (51.5%)
 

Data are expressed as mean±SD or as the number of subjects (%).
All biological samples collected were not used for all biomarkers analysis. Number of subjects used for biomarkers analyses are given in parenthesis in Tables 2A and 2B.
*Average number of times subjects smoked cigarettes, waterpipe tobacco or both per day.
†Mean of numbers of years subjects have been smoking cigarettes, waterpipe tobacco or both.
‡Average duration of each smoking session.
CS, cigarette smokers; N/A, not applicable; WPS, waterpipe tobacco smokers.

For cohort I, study participants were recruited/enrolled at the
General Clinical Research Center of the University of Rochester
via various local newspaper and magazine advertisements, word of
mouth, hookah lounges and flyers posted in and around the university campus. Based on a self-
reported questionnaire containing
information about demographic variables, smoking history and
smoking behaviour, the study participants were categorised into
four groups: healthy NS (n=25), CS (n=26), WPS (n=12) and DS
(n=10). The analysed samples and their respective ‘n’ are given
in figure legends and tables from the above cohort. Samples were
analysed to accommodate the assay of all the mediators in relatively equal numbers in all the groups. Table 1 shows the demographic information for all participants; those in cohort I had a
demographic profile similar to those in cohort II.
All the potential study subjects were screened for eligibility via
telephone using the following eligibility criteria: (1) age 21–65
years; (2) NS without the use of any tobacco products (healthy
NS); (3) smokers (CS, WPS and DS) currently smoking ≥10 cigarettes and/or 1–2 waterpipe sessions per day for ≥past 6 months;
(4) none of the subjects (NS, CS, WPS and DS) having history of
chronic illnesses, such as lung and heart diseases, diabetes and
cancer; (5) none of the subjects having any current respiratory/
pulmonary infections (viral-flu, pneumonia) or on any prescribed
anti-inflammatories and/or corticosteroids and (6) female subjects
not currently pregnant or breast feeding. Written informed consent
was obtained from all study subjects prior to participation in the
study in both the cohorts (Cohorts I and II).
Cohort II included a convenience sample of exclusive WPS
(n=33) and NS (n=24) recruited between December 2017 and
September 2018, from San Diego County, California, USA.
Subjects were recruited via flyers posted on bulletin boards at
community colleges, universities and cafes; and electronic flyers
posted on social media. WPS, 21 years or older, who smoke WPT

exclusively, smoke at least one WPT head per month, smoke at
least one WPT head per smoking session and smoke WPT at home
were enrolled in the study. Participants with a history of chronic
health problems (eg, asthma, COPD, hypertension); regular use
of prescription medication (other than vitamins or birth control);
or pregnancy were excluded from the study. All the study participants provided written informed consent. Non-smoking status
was based on self-report and exhaled carbon monoxide cut-off
levels (cut-
off-
point: mean±SD=3.61±2.15 ppm).13 Table 1
shows the demographic information for the entire sample; participants in cohort II had a demographic profile similar to those in
cohort I.

Study design
Cohort I: This study is a cross-sectional analysis of biomarkers of
tobacco product exposure. Participants were recruited as part of an
ongoing study at the University of Rochester to evaluate the blood
and urine biomarkers of inflammation, oxidative stress and lipid
mediators. Whole venous blood (20–25 mL) was collected from
participants in vacutainer tubes containing EDTA, and plasma was
processed and separated by centrifugation for 10–15 min at 2000
g within 60 min of collection. The supernatants were aspirated
and aliquoted into several tubes for multiple assessments, and
stored immediately at –80°C until analysed. Study participants
also provided urine samples (20–25 mL) which were aliquoted and
stored in a freezer (−20°C), until analysed.
Cohort II: A detailed descriptions of data collection of urine
samples, demographics and WPT use behaviours has been previously published.14 15 Briefly, first void urine samples were collected
the morning following the day smokers smoked a single session of
WPT at home.
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Figure 1 Biomarkers of systemic inflammation and oxidative stress measured in plasma. Quantification of systemic inflammatory and endothelial
activation biomarkers in plasma of non-smokers, cigarette, waterpipe tobacco and dual smokers. Data are presented as mean±SEM (n=5–11).
Statistical significance was determined by one-way analysis of variance using multiple comparison with Tukey’s post hoc analysis for comparison
between the different groups. *P<0.05, **P<0.01, ***P<0.001. G-CSF, granulocyte-colony stimulating factor; IL, interleukin; MMP, matrix
metalloproteinase-9; RAGE, receptor for advanced glycation end products; ICAM-1, intracellular adhesion molecule-1; TNF-α, tumor necrosis factor-α;
CC-16, Club cell protein-16.

Measures
Demographics and smoking assessment

Study participants provided information regarding demographic
characteristics, such as age, sex, gender and ethnicity. Detailed
information about the use of WPT and cigarettes, smoking
frequency and duration of tobacco product use, allowed us to categorise participants into four groups of smokers.

Measurements of plasma cotinine and urinary
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol and its
glucuronides

Plasma cotinine was measured to determine smoking status and
tobacco smoke exposure using Salimetrics’ (Carlsbad, CA, USA)
high sensitivity quantitative enzyme immunoassay kit according to
manufacturer’s instructions. Urinary levels of 4-(methylnitrosamin
o)-1-(3-pyridyl)-1-butanol and its glucuronides (NNAL) measured
using Waters Xevo TQ-
XS Tandem Mass Spectrometer with
ACQUITY UPLC I-
Class Chromatography System (UPLC-
MS/
MS) by the NicoTAR laboratory at Roswell Park Cancer Institute,
Buffalo, New York.

Measurement of biomarkers by multiplex panel assay

Plasma levels of cytokines and chemokines were profiled
using human XL18-
plex magnetic Luminex immunoassay kit.
Biomarkers of immunity, tissue injury and repair were measured
in plasma and urine samples by using human XL 9-plex magnetic
Luminex immunoassay kit (catalogue nos. FCSTM18-18/17
and LXSAHM-09 respectively, R&D systems, Minnesota, USA),
s104

based on a pre-optimised protocol as per manufacturer’s instructions. Out of range values were designated as the lowest detectable value ‘0’. The plasma concentrations of interleukin (IL)-6,
IL-8, IL-10, IL-13, IL-1β, IL-1α, IL-33 and interferon-γ, Eotaxin,
MIP-1α, MIP-1β, granulocyte-colony stimulating factor (G-CSF),
CSF, MCP-1, Gro alpha/CXCL-1, Gro beta/CXCL-2 and
GM-
TNF-α, were measured by Luminex multiplex assay. Additionally,
S100A8, S100A9, plasminogen activator inhibitor-1 (Serpine1/
PAI-1), matrix metalloproteinase-9 (MMP-9), myeloperoxidase
(MPO), galectin −3, receptor for advanced glycation end products
(RAGE), Uteroglobin/CC-10 and ligand for the RAGE (En-RAGE)
were measured in urine and plasma samples by Luminex multiplex
assay. Samples were assayed in duplicates and values were reported
as the average of the duplicated samples.

Measurement of plasma and urine biomarkers by ELISA

Plasma levels of c-reactive protein (CRP) were measured using
commercially available ELISA kits (Sigma-
Aldrich, St. Louis,
Missouri, USA). The levels of 8-
isoprostanes, prostaglandin E2
(PGE2), thromboxane B2 (Cayman, Ann Arbour, MI), resolvin E1
(MyBiosource, San Diego, USA), fibrinogen (Abcam, Cambridge,
Massachusetts, USA), human CC10/CC16 (MyBiosource, San
Diego, USA), (human synonym name for mouse CC16 is CC10),
pentraxin 3 (Sigma, St. Louis, USA), Intracellular Adhesion Molecule-1 (RD Systems, Minneapolis, USA), desmosine (MyBiosource,
San Diego, USA), NT-proBNP (RD Systems, Minneapolis, USA)
and malondialdehyde (MDA) (Cell Biolabs, San Diego, USA) were
measured quantitatively by commercially available ELISA kits as
per manufacturer’s instructions.
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Figure 2 Plasma levels lipid mediators and biomarkers of immunity, tissue and repair and stress mediators. Plasma levels of (A) lipid mediators and
(B) biomarkers of immunity, tissue injury/repair and stress mediators were determined in non-smokers, cigarette smokers, waterpipe tobacco smokers
and dual smokers. Data are presented as mean±SEM (n=4–10). Statistical significance was determined by one-way analysis of variance using multiple
comparison with Tukey’s post hoc analysis for comparison between the different groups. *P<0.05, **P<0.01. PAI-1, plasminogen activator inhibitor-1;
PGE, prostaglandin E2; CRP, c-reactive protein.

Data and statistical analysis

Statistical analyses were performed using GraphPad Prism Software V.7.0. Categorical variables are presented as a number
(percentage), and continuous variables are presented as the
mean±SEM unless otherwise indicated. Statistical significance
of urine samples biomarkers from cohort II was determined by
Student’s t-test. Statistical significance of cohort I plasma and urine
samples biomarkers was calculated using one-way analysis of variance followed by Tukey's post hoc test for multiple comparisons. P
value of <0.05 was accepted as statistically significant.

Results
Demographic and clinical findings
Table 1 summarises the baseline clinical, demographic and functional
characteristics of the study participants. A total of 73 study participants were recruited in the study (cohort I). Mean age of the participants in the CS group was comparatively higher compared with
NS, WPS and DS groups. Female participants were comparatively
younger than male participants in all the groups except DS group.
Daily smoking frequency (sessions), mean duration of smoking and
average duration of each smoking session in each group are given in
table 1. A majority of the participants were white followed by African
Americans, Asians, Hispanics and Pacific Islanders. Plasma cotinine
levels were found to be significantly higher in CS (83.76±26.36
ng/mL, p<0.001), and DS (150.29±29.16 ng/mL, p<0.001),

but non-significant in WPS (11.95±5.69 ng/mL) compared with
NS (0.44±0.12 ng/mL) (n=8–18 for all groups). Urinary levels of
NNAL were increasingly higher in CS (32.53±8.45 pg/mg creatinine; n=12, p<0.01), WPS (34.85±12.17 pg/mg creatinine; n=8,
p<0.01) and DS (45.92±14.86 pg/mg creatinine; n=10; p<0.01)
compared with NS (0.00 pg/mg creatinine; n=12), suggesting an
active smoking of tobacco products.

Biomarkers of systemic inflammation, oxidative stress, lipid
mediators and immunity, tissue injury/repair and stress
mediators in plasma

To determine whether the systemic inflammatory response was
different among WPS, CS, DS and NS, plasma levels of IL-6,
IL-8, IL-1β, TNFα, MMP-9, CC-10, CC-16, G-CSF and RAGE
were measured. Levels of IL-6, IL-8, TNFα and IL-1β in plasma
were significantly higher in WPS, CS and DS compared with
NS (figure 1). Clara/Club cell proteins, such as CC-10 and/or
CC-16 were significantly lower in CS with a trend of lower
levels in other smoking groups compared with NS (figure 1).
Soluble receptor for advanced glycation product (sRAGE), a
marker of tissue injury and inflammation and G-CSF had no
significant changes in all smoking groups compared with NS.
Of all the studied biomarkers of systemic inflammation, IL-1β
and IL-6 values had significant increases in all smoking groups
compared with NS (figure 1). Other inflammatory mediators,
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such as IL-13, CXCL-1, CXCL-2, MIP1α, MIP-1β, eotaxin,
GM-CSF, MCP-1, S100A8 and S100A9 showed slight but insignificant elevation, whereas IL-10 was reduced in CS, WPS and
DS versus NS (table 2A). IL-1α, IL-33 and IF-γ showed variable
and insignificant results (data not shown).
Biomarkers of endothelial dysfunction and oxidative stress, such
as ICAM-1, MDA and MPO were measured in plasma. ICAM-1
levels were significantly increased in CS compared with NS
(figure 1), but without any significant changes seen for MPO levels
in both CS and DS as compared with NS (table 2A). There were
no significant changes in levels of MDA in plasma samples of all
smoking groups versus NS.
To determine the possible role of lipid mediators as biomarkers
of exposure to tobacco products, we measured plasma levels of
thromboxane B2, resolvin E1 and PGE-2 in plasma samples of NS,
CS, WPS and DS. Plasma levels of resolvin E1 were significantly
decreased in WPS and DS compared with NS (figure 2A). Plasma
levels of PGE2 were elevated significantly in CS compared with NS.
Thromboxane B2 showed no significant changes between groups.
Biomarkers of immunity, tissue injury /repair and stress mediators, such as Serpine1/PAI-1, CRP, fibrinogen, galectin-3, MMP-9,
S100A8 and S100A9 were also measured in plasma. There was
a trend toward higher levels of damage associated molecular
patterns, such as S100A8 in the plasma of all smoking groups
compared with NS, but the difference was not statistically significant (table 2A). The markers of atherosclerotic lesion in response to
inflammatory stimuli (Pentraxin-3), stress (CRP), serpine-1/PAI-1,
heart function (NT-proBNP) and elastin breakdown (desmosine)
did not show significant changes in any of the smokers (CS, WPT
and DS) groups (table 2A).

Biomarkers of inflammatory mediator and coronary heart
disease, oxidative stress and tissue injury and repair in urine

We extended our assessment of oxidative stress markers
(8-isoprostanes and MPO) and other mediators (galectin-3, RAGE,
En-
RAGE, MMP-9, S100A8, S100A9, Uteroglobin/CC-10 and
Serpine1/PAI-1) in urine samples of both the cohorts to include
a wider array of biospecimens that can be used for biomarker
analysis. Levels of urinary 8-isoprostanes were significantly higher
in all smoking groups with even higher levels in DS compared
with NS in cohorts I (figure 3A). Urinary levels of 8-isoprostanes,
MPO and RAGE were significantly higher in WPS compared
with NS in cohort II (figure 3B). The level of Serpine1/PAI-1 was
higher in DS only versus NS (table 2B). S100A9 was shown to be
significantly lower in CS and WPS, but not DS compared with
NS (table 2B). There was no significant change observed in MPO,
galectin-3, RAGE, En-RAGE and MMP-9 urinary levels in cohort
I in all groups versus NS (figure 3A). However, the urinary levels
of En-RAGE and MMP-9 levels were elevated significantly in WPS
in comparison to NS in cohort II (figure 3B). While the levels of
S100A9 and Serpine1 were significantly higher compared with NS
in cohort I, there was no significance seen in those biomarkers
for cohort II. Other mediators, such as S100A8 and Uteroglobin/
CC-10 did not show any significant changes in any of the smoking
groups compared with NS in both cohorts (table 2B).

Discussion

The current study is the first to determine the differential effects
of various forms of tobacco smoking, such as WPT, cigarette and
DS on levels of biomarkers of inflammation, oxidative stress and
immunity, and tissue injury and repair in human plasma and urine.

Figure 3 Biomarkers of oxidative stress and inflammation measured in urine samples of both cohorts. Urinary levels of 8-isoprostane, MPO,
galectin-3, RAGE, En-RAGE and MMP-9 were determined in non-smokers, cigarette smokers, waterpipe tobacco smokers and dual smokers from
cohort I (A) and between non-smokers and waterpipe smokers of cohort II (B). Data are presented as mean±SEM (n=7–33). Statistical significance
was determined by one-way analysis of variance using multiple comparison with Tukey’s post hoc analysis for comparison between the different
groups for cohort I. For cohort II, statistical significance was determined by unpaired t-test. *P<0.05, **P<0.01. MMP-9, matrix metalloproteinase-9;
MPO, myeloperoxidase; RAGE, receptor for advanced glycation end products.
s106
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Table 2A

Plasma biomarkers of tobacco smoke exposure among non-smokers and cigarette, waterpipe and dual smokers

Biomarkers

Non-smokers

Cigarette smokers

Waterpipe smokers

Dual smokers

Inflammatory mediators
 MIP-1α (pg/mL, n=8–10)

8.91±0.75

 MIP-1β (pg/mL, n=8–10)

269.20±5.55

12.97±1.56

11.93±2.60

14.20±1.29

282.40±15.48

274.70±27.05

283.20±11.58

 MCP-1 (pg/mL, n=8–10)

82.85±6.75

98.38±8.22

91.49±9.12

94.95±7.79

 Eotaxin (pg/mL, n=8–10)

87.22±12.55

122.80±15.27

109.10±11.20

115.70±5.33

 GM-CSF (pg/mL, n=8–9)

25.77±3.10

30.18±3.61

26.27±3.46

35.56±1.69

 Interleukin-13 (pg/mL, n=8)

47.63±4.37

62.83±5.41

56.53±7.54

61.03±4.53

 S100A8 (pg/mL, n=8–12)

624.00±86.29

799.60±101.20

798.82±149.60

964.90±241.40

 S100A9 (pg/mL, n=8–12)

878.70±118.50

1736.00±474.50

1158.00±422.20

673.60±153.30

 En-RAGE (pg/mL, n=8–13)
 Pentraxin 3 (ng/mL, n=6–9)
 Interleukin-10 (pg/mL, n=7–9)

9715.00±105.5

7981.00±625.8

9053.00±368.1

8650.00±437.9

0.65±0.08

1.02±0.24

0.72±0.19

0.65±0.15

34.77±4.91

19.87±2.57

30.35±10.37

33.74±9.73

 CXCL-1 (pg/mL, n=8–10)

252.60±37.19

337.30±37.63

379.90±58.09

410.80±32.03

 CXCL-2 (pg/mL, n=8–10)

2109.00±237.20

2221.00±332.30

2129.00±451.00

2277.00±639.10

 NT-proBNP (pg/mL, n=9–10)

1369.00±223.90

839.80±175.40

1144.00±246.90
±246.90

1263.00±364.2

 Desmosine (pg/mL, n=8–11)

510.70±52.55

403.50±40.86

453.60±65.00

452.50±25.01

Tissue injury and repair

Oxidative stress
 Malondialdehyde (pmol/mL, n=6–10)
 Myeloperoxidase (pg/mL, n=8–12)

35.57±2.09

34.90±4.83

32.62±3.35

51.90±8.15

9327.00±934.50

12 198.00±2401.00

6325.00±933.10

7012.00±779.10

Data are presented as mean±SEM. Statistical significance was determined by one-way analysis of variance using multiple comparison with Tukey’s post hoc analysis for
comparison between the groups.
CXCL-1, chemokine (C-X-C motif) ligand 1 and CXC-2 (CXC motif) ligand 2; GM-CSF, granulocyte-macrophage colony-stimulating factor; MCP-1, monocyte chemoattractant
protein-1; MIP-1α, macrophage inflammatory protein −1 alpha; MIP-1β, macrophage inflammatory protein-1 beta; MMP-9, matrix metallopeptidase-9; n, number of samples;
NT-proBNP, N-terminal pro-brain natriuretic peptide; S100A8, S100 calcium-binding protein A8; S100A9, S100 calcium-binding protein A9.

Table 2B  Urine biomarkers of tobacco smoke exposure among non-smokers and cigarettes, waterpipe and dual smokers from cohort I and non-
smokers and waterpipe tobacco smokers from cohort II
Biomarkers

Non-smokers

Cigarette smokers

Waterpipe smokers

Dual smokers

Cohort I urine samples
 Inflammatory mediators
 S100A8 (pg/mL, n=8–10)

392.70±131.20

 S100A9 (pg/mL, n=8–10)

385.00±101.80

80.06±32.55*

1519.00±545.90

1744.00±537.00

3721.00±1028.00

3.55±0.38

3.81±0.59

 Uteroglobin/CC-10 (pg/mL, n=9–10)

125.00±34.79

111.90±49.11
44.96±21.51*

133.00±25.30
249.80±93.39
2757.00±864.00

 Tissue injury and repair
 Serpine1/PAI-1 (pg/mL, n=9–10)

1.96±0.57

Cohort II urine samples

NA

5.35±1.09*
NA

 Inflammatory ediators
 S100A8 (pg/mL, n=22–26)

307.50±74.64

 S100A9 (pg/mL, n=20–29)

765.50±261.60

233.40±81.47
400.70±105.60

 Uteroglobin/CC-10 (pg/mL, n=21–29)

744.13±176.90

1053.00±190.70

1.45±0.89

1.24±0.41

 Tissue injury and repair
 Serpine1/PAI-1 (pg/mL, n=24–33)

Data are presented as mean±SEM. Statistical significance was determined by one-way analysis of variance using multiple comparison with Tukey’s post hoc analysis for
comparison between the groups in cohort I. Statistical significance of urine biomarkers between the two groups was determined by Student’s t-test in cohort II. * P<0.05.
*P<0.05
n, number of samples; NA, not applicable;PAI-1, plasminogen activator inhibitor-1; S100A8, S100 calcium-binding protein A8; S100A9, S100 calcium-binding protein A9.

In this cross-sectional study, we assessed more than thirty putative
blood biomarkers belonging to different panels to characterise
them as signature biomarkers of WPS, CS and DS. The analytes
we have chosen have been shown to be associated with systemic
inflammation, oxidative stress and immunity, and tissue injury and
repair in the pathogenesis of COPD and cardiovascular diseases.
Systemic inflammation and oxidative stress have been shown to be
important events in respiratory and cardiovascular disorders.16 17

Plasma levels of inflammatory biomarkers IL-6, IL-8, TNF-α and
IL-1β were significantly higher in CS, WPS and DS compared with
NS. Previous studies have shown that levels of these inflammatory
markers are significantly elevated in plasma samples of patients
with COPD and cardiovascular complications compared with
controls.18–21 These cytokines and mediators play an important
role in inflammatory pathways that can lead to tissue damage in
the lungs.22 23 Our findings are consistent with previous clinical
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studies that have shown elevated levels of IL-6 and IL1β in WPT
and e-cigarette users compared with NS in periodontal disease.24–26
The results on inflammatory biomarkers suggest that concurrent
use of WPT and cigarette smoking may be a potential risk factor
for developing chronic respiratory and cardiovascular disease.
We hypothesised that WPT and dual smoking can further aggravate oxidative modification of important biologic molecules such
as 8-isoprostanes, MDA and MPO. Although there was a trend
towards increased levels of MPO in CS, there were no significant
differences seen in other groups, suggesting that smoking causes
oxidative modification of biological components in human plasma.
Also, we were able to show that 8-isoprostane (in both cohorts),
and MPO (cohort II) levels were increased in urine samples,
suggesting that these mediators can be used as a biomarker of
oxidative stress and inflammation for WPT exposure. A recent
meta-analysis comparing 18 studies has shown that 8-isoprostane
levels are augmented in current smokers compared with NS.27
RAGE, a multi ligand receptor for advanced glycation products,
has a role in protection against inflammation and tissue injury.28–31
We measured RAGE and found significantly higher levels in WPS
(cohort II) compared with NS (cohort II).
inflammatory proteins, such as CC-10 and CC-16
The anti-
which are secreted by bronchiolar Club cells and are the most
abundant proteins in the respiratory tract. They are known to be
involved in lung injury and repair processes.32 33 We measured
CC-10 and CC10/CC-16 in the plasma samples and observed a
significant decrease in the CC10/CC-16 levels in CS, WPS and DS
compared with NS. CC-10 was significantly lower in CS, but not in
WPS or DS. This suggests that DS are at a higher risk of lung injurious responses compared with WPT and CS. Our findings are in
agreement with the results of previous studies showing a decrease in
CC-10 and CC10/CC-16 levels in smokers compared with NS.33 34
Therefore, based on our observations, CC-10 and CC10/CC-16
may qualify as sensitive biomarkers for tobacco-induced lung injury.
Galectin-3 has been shown to play an important role in the
regulation of fibrosis and inflammation. Elevated levels of
galectin-3 have been associated with immunological and cardiovascular disorders.35 PAI-1 has been implicated in maintaining
the haemostasis of the coagulation cascade, and any imbalance
in the fibrinolytic system will lead to impaired coagulation that
may manifest in cardiovascular diseases.36 Both galectin-3 and
PAI-1 proteins play a role in orchestrating the normal fibrotic
and fibrinolytic systems respectively and elevated levels in the
plasma might dysregulate the normal repair and coagulation
mechanisms. Our results show that Serpine1/PAI-1 levels in
plasma were increasingly higher in CS, WPS and DS compared
with NS. Also, the galectin-3 levels in plasma were lower in all
smoking groups, although at a non-
significant level. Further
studies are required to validate these biomarkers in different
cohorts with larger sample sizes.
WPS from cohort II, but not cohort I, had elevated levels
of urinary en-
RAGE, an inflammatory biomarker which
plays a role in atherosclerosis and predicts the development of coronary heart disease37, and MMP-9, a biomarker
for COPD.38 This differential result may be explained by
the higher frequency and duration of WPT among cohort II
smokers. These findings suggest that those who smoke WPT
more frequently and over a longer period of time are more
likely to develop coronary heart disease and COPD. A longitudinal study using the current cohorts is warranted in order
to provide better comparison and validity with the identified
mediators.
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What this paper adds
What is already known on this subject

►► Waterpipe (hookah) tobacco (WPT) is an emerging alternate

tobacco product whose use is rapidly increasing, especially in
young adults.
►► WPT smoking can adversely affect the cardiopulmonary
system.
What important gaps in knowledge exist on this topic

►► No data are available on the assessment and comparison of

systemic biomarkers of inflammation, oxidative stress, lipid
mediators and immunity and tissue injury and repair among
different smoking groups, including WPT smokers, cigarette
smokers and dual WPT and cigarette smokers.

What this paper adds

►► We have identified several biomarkers of exposure in the

plasma and urine of WPT smokers, cigarette smokers and dual
WPT and cigarette smokers.
►► Plasma levels of inflammatory mediators (IL-6, IL-8, IL1β and
TNF-α), and an oxidative stress biomarker (8-isoprostane)
in urine were significantly elevated in WPT and cigarette
smokers which were further augmented in dual smokers
compared with non-smokers.
►► A lipid mediator (resolvin E1) showed significant differences
in cigarette smokers and dual smokers, compared with non-
smokers. Similarly, the levels of anti-inflammatory mediators
CC10/CC-16 were lower in all smoking groups, suggesting
that these biomarkers are sensitive for tobacco-induced lung
injury.
►► These data provide evidence to support policy and public
education efforts focused on WPT as well as dual use.
Conclusions
Several plasma biomarkers of systemic inflammation, oxidative stress and immunity, and tissue injury and repair were
altered in WPT and CS. Further, the concurrent use of WPT
and cigarettes appears to be more deleterious than cigarette
or WPT smoking alone, aggravating pulmonary and cardiovascular conditions. Our study offers evidence to counter the
public perception that WPT smoking is safer than cigarette
smoking,1–3 and to inform WPT control policy efforts.
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